In Saccharomyces cerevisiae the majority of the genes for 5S rRNA lie within a 9kb rDNA sequence that is present as 100-200 tandemly-repeated copies on Chromosome XII.
INTRODUCTION
Tandemly-repeated DNA sequences are common in eukaryotic cells, either as the relatively genetically inert satellite DNAs of heterochromatin or as specific genes that cells require in multiple copies.
Studies of the sequence organisation of these DNAs have indicated that they evolve primarily through the unequal exchange or crossing-over between homologous tandem arrays (for review see ref. 1) . This crossing over may occur either between the different members of a chromosome pair, or between the sister chromatids soon after DNA replication.
Only unequal exchange will give recombinants having more or less repeats than the parental chromosome thereby changing the number of repeats in an array, and provided the exchange rate is very great with respect to the mutation rate a tandemly homogeneous repeated region will be maintained. Furthermore the central regions of such arrays would be expected to be tandemly duplicated more often because they will participate more in unequal exchange. Conversely the regions near the ends of the array might be expected to be the most degenerate or most diverged from the common repeat.
The ribosomal RNAs of many species are encoded upon repeated DNA. In Saccharomyces cerevisiae, rRNAs are almost entirely coded by a 9kb sequence that exists as 100-120 tandemly arranged copies on chromosome XII (2-9).
The uniform structure of this repeat is maintained by frequent sister-strand recombinations between rRNA genes, meiotic recombination between non sister rRNA clusters being generally less frequent than in other parts of yeast chromosomes (10, 11) . Each unit of this repeat contains one gene for the 37S precursor to 25S, 17S and 5.8S rRNAs, transcribed by RNA polymerase 1.
In addition, in the spacer region between genes for this 37S rRNA there is a small 5S rRNA gene. This is transcribed in the opposite orientation to the 37S rRNA by RNA polymerase III (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) .
While characterising a mutant deficient in the processing endonuclease that normally acts upon yeast 5S gene transcripts we fingerprinted 5S rRNA from a number of laboratory £. cerevisiae strains (15) . In all these strains about 10Z of this RNA was found to exist as forms varying slightly in structure from the major S^. cerevisiae 5S RNA (12, 13) . Such nucleotide sequence heterogeneity in ribosomal RNA had not before been detected in an organism then thought to have all its rRNAs encoded within a tandem repeat of a single unit of rDNA. We therefore instigated a study to find out if these structural variants originated from this rRNA repeat, possibly at its extremities, or from a few orphon genes not part of this repeat. If they originate from within the rDNA repeat, then one might investigate if each variation is present in adjacent units of this repeat. This approach h?s been successfully applied to satellite DNAs using restriction enzyme cleavage sites affected by point mutations within a basic repeating unit (1) .
Since it would be difficult to separate physically the 5S rRNA structural variants to determine if their sequence alterations coincided with characteristic rDNA restriction sites, we decided to search instead for orphon 5S
rRNA genes.
In this paper we describe the isolation and analysis of three S. We show here that a third copy of the variant 5S gene sequence is located adjacent to a member of the Tyl-15 class of yeast transposable genetic elements (14) (15) (16) (17) (18) (19) (20) (21) (22) .
Throughout this paper "rDNA repeat 5S genes" is used solely in reference to those 5S genes within the 9kb reiterated sequence on Chromosome XII to the exclusion of other 5S genes whether or not these are within junctions between this rDNA and adjacent parts of this chromosome.
MATERIALS AND METHODS

Strains and recombinant molecules
Yeast strains used were X218O-1B (a wt) and A364Aa, from the Yeast Genetic Stock Centre, Berkeley, California, and a rnase 3 strain (25) 250 hybridising plaques were toothpicked, and each was then used in the preparation of a well-cleared plate stock from which a small DNA sample was made as in ref. 27 .
Following the initial screen of these DNAs , described in Results, recombinants or interest were plaque-purified and used for larger-scale DNA preparations as in ref. 28 .
Hybridisation probes and conditions
The probe used in the selection and characterisation of clones containing yeast 5S RNA sequences was 5S RNA of S. cerevisiae strain A364Aa 3'-end labelled by [5'-32 (12, 13) .
Southern blot analysis of Sau3A digests of plasmids pYeE83, pYeF9 and pYeE147 (see Results) revealed a Sau3A site within the single 5S gene of each, and adjacent Sau3A sites that were still within the insert. A Sau3A digest of each of these plasmids in turn was subcloned into phage M13mp8 (35, 36) at the Bam site and small DNA preparations made from 50 reconbinant phage (36, 37) .
Dot blot hybridisation analysis (31) using 32 [ P]pCp-5S RNA as a probe was used to identify DNAs containing sequences complementary to 5S RNA.
These DNAs were in turn used, in conjunction with M13 universal probe primer (purchased from Bethesda Research Laboratories) to synthesise probes for phage DNAs having the same sequences as 5S RNA (36) . M13 templates containing portions of either the coding or noncoding DNA strands of 5S genes identified this way were then sequenced by the dideoxy chain termination procedure (37) using a universal sequencing primer from Bethesda Research Laboratories.
Some of the sequence data was also derived from templates prepared by subcloning Taql plus EcoRI digests of pYeE83, pYeF9 and pYeE147 into M13mp8 (Fig. 1 ). Fingerprint analysis of the 3' terminal sequences of 5S RNA Purified yeast 5S RNA was 3'-end labelled by TA RNA ligase catalysed 32 addition of [5'-P]pCp and digested with Tl ribonuclease (15) .
The digest was then fingerprinted in two dimensions and individual labelled oligonucleotides counted and recovered as in ref. 38 .
The structure of these olignucleotides was investigated by partial U., B cereus and PhyM nuclease digestion and complete ribonuclease T2 digestion (15) . Transcription of 5S genes in a cell-free extract An J^n vitro transcription system was prepared from the rnase 3 strain of S. cerevisiae, and used in conjunction with cloned 5S genes essentially as described by Koski et^ al (25) , except each reaction mixture was of 50yl and contained 2.5nmol [ H]UTP (50Ci/mmol) as label.
RNAs synthesised jji vitro were separated on 8% polyacrylamide gels and tritium detected by fluorography (15) . Preparation of yeast DNA Yeast DNA was prepared by the method of Olson et al (39) .
RESULTS
Isolation and sequence analysis of variant yeast 5S RNA genes
Provided those S. cerevisiae 5S RNA genes that encode the minor sequences are not part of the rDNA repeat, they might be expected to show a much more pronounced variation from rDNA repeat 5S genes in gene flanking sequences rather than coding sequences.
If this is the case, it should be possible to identify such variants using restriction enzymes that cleave either side of the coding region. We initially isolated 250 X218O-1B yeast DNA-Agt recombinants that hybridised to yeast 5S RNA (see Methods) . Small DNA preparations from these were then digested with restriction endonuclease
Hpall, whereupon these digests were electrophoresed in parallel on 2/^ agarose gels and blotted onto nitrocellulose filters. These filters were then annealed to labelled yeast 5S RNA. Hpall cleaves either side of the S^. cerevisiae rDNA repeat 5S genes to give all 5S sequences of this repeat on a 0.71kb fragment (12) . Of approximately 200 of the Hpall digests on the blots that revealed a fragment annealing to the 5S RNA probe all except five contained this 0.71kb fragment.
Of these five, one (AgtF9) had 5S sequences within a Hpall fragment of 0.19kb, and four possessed 5S sequences within a 0.63kb Hpall product.
Gel analysis of EcoRI digests of the latter four recombinants, followed by blot hybridisation to 5S RNA, revealed two separate Agt inserts (AgtE83 and AgtE147) each of which had been isolated in duplicate. Thus our search uncovered Agt recombinants containing three inserts of yeast DNA, each of these inserts having 5S sequences upon single Hpall and EcoRI fragments that differ in size from the corresponding 5S RNA-annealing restriction fragments of the rDNA repeat sequence.
The insert of XgtF9 contains two EcoRI fragments of 1.85kb (hybridising to 5S RNA) and 5.7Vb. AgtE83 has an insert of two EcoRI fragments of 2.6kb (5S RNA hybridising) and 2.5kb.
AgtE147 has an insert of four EcoRI fragments, whose lengths in their order in this phage, are 0.4kb, 5.2kb (hybridising to 5S RNA), 0.72kb and 0.64kb.
DNA sequencing (see below) identifies a single 5S gene within each of these recombinants.
The single EcoRI fragments of \gtE83, AgtF9 and AgtE147 that contained 5S RNA sequences were subcloned into the plasmid pUC8 at its EcoRI site (35, 36) , to give plasmids pYeE83, pYeF9 and pYeE147 respectively.
Maps of the 5S gene in relation to the Xhol, Pstl, Sail and Hpal sites of these EcoRI fragments are shown in Fig. 1 .
This diagram also shows all the Taql sites except for pYeE147 for which Taql sites of the insert were only mapped within the 1.85kb (Xhol+EcoRI) fragment.
All three maps possessed common Maps of three EcoRI fragments of S. cerevisiae DNA that each contain a 5S RNA gene in a sequence environment different from rDNA repeat 5S genes.
All sites for EcoRI (R) , Xhol (X), Ps tl (P) , Sail and Hpal are shown, as well as Taql (T) sites excepting those within the 3.4kb (EcoRI+Xhol) fragment of pYeE147.
Sau3A (S), Hpall (H) , Avail (A) and PvuII (V) sites are only shown within the sequenced regions. This sequenced region was, in each fragment, between the Sau3A sites to either side of the gene.
The M13 subclones used to determine the sequences are shown below each bar, the beginning of the yeast DNA insert relative to the M13 sequencing primer is indicated by a vertical line; the arrowhead indicates the direction of reading, and end, of the sequence read from the gel. An arrowhead followed by a vertical line indicates that the entire yeast DNA insert of the M13 subclone was sequenced.
The filled in areas indicate DNA regions that are common to all three fragments, hatched areas show regions that are common to two out of three, and the open areas denote regions that are unique to one fragment only.
Only within the sequenced regions were these common sequences proven, yet elsewhere the homology is assumed to be as shown from the correlations between restriction enzyme cleavage sites. The maps are drawn such that 5S gene transcription is from right to left and the presumptive Ty transcript of pYeE147 is synthesised from left to right. This is to facilitate comparison with published maps of yeast rDNA (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) and Ty elements (16) (17) (18) (19) (20) (21) (22) (23) (24) .
regions suggesting that a considerable proportion of the DNA sequence in the vicinity of the 5S genes themselves might be shared.
This was confirmed by obtaining, as described in Methods, the sequences of the 15 M13 subclones shown in Figs. 1 and 2 .
These encompassed the single 5S gene within each plasmid together with between 240 and 405 nucleotides to the 5' and 3' sides of these genes.
The sequence of both DNA strands was determined except for a part of the coding region (Fig. 1) which was determined on one strand only at least twice from independently-isolated M13 subclones and always found identical to part of the major yeast 5S RNA sequence (12, 13) .
Yeast 25S rRNA, 17S rRNA, 5. 8S rRNA and total tRNA probes, prepared as described in Methods, did not hybridise to any of the inserts of pYeE83, pYeF9 and pYeE147 in Southern blotting experiments indicating that these Sequences of three variant S. cereviaiae 5S RNA genes and adjacent regions, arranged so that coninon regions are aligned.
The 5S RNA coding region is underlined, and nucleotides are numbered with respect to its first nucleotide.
A dotted underlining indicates part of a delta sequence in the region upstream of the pYeE147 5S RNA gene. The coding region of the three variant 5S genes.
Evidence that these genes are probably active in yeast cells.
Assuming that the 5S genes in Figs. 1 and 2 are functional, as experiments described below suggest, their DNA sequences show that they code for RNAs that vary from the major yeast 5S RNA (12, 13) only in 3' terminal sequences.
Since S. cerevisiae 5S RNA is entirely 121 nucleotides long, except in one endonuclease-deficient mutant strain (15) , this variation is restricted to nucleotides + 118 to +121 (defining position 1 as the 5' end of the RNA). The coding regions of pYeE83 and pYeE147 end in: -GTTG, rather than the : -ATCU at the end of the coding region of rDNA repeat 5S genes , but are otherwise identical to the latter.
This sequence alteration generates a Pstl site in the DNA of pYeE83 and pYeE147 that is absent in pYeF9 (Fig. 1) and the rDNA repeat.
The sequences essential for transcription of 5S genes by RNA polymerase III are located within parts of the coding region precisely conserved between rDNA repeat 5S genes and the variant 5S genes studied here (40) . These variant genes might therefore be expected to be active and two experiments, described below, indicate that they are probably functional in vivo.
If the 5S RNA of vegetative S. cerevisiae cells is labelled at its 3' 32 terminus by T4 RNA ligase catalysed addition of [5 1 -P]pCp, and the products of ribonuclease Tl digestion fingerprinted, more than one 3'-terminal oligonucleotide is found to have been labelled (Fig. 3) . From such fingerprints the precentage of the 5S RNA having different 3'-terminal sequences can be determined.
We analysed 5S RNA of strains X218O-1B and A364Aa this way and determined the sequences of the labelled oligonucleotides generated by ribonuclease Tl. Approximately 90% of the label was in the fragment: CpAp-32 ApUpCpU [ P]pCp, originating from 5S gene sequences found in the rDNA repeat (12, 13, 15) .
In addition a small percentage of the label was also present as two other oligonucleotides which sequence analysis (see Methods) indicated 32 32
were CpApUpUpCpU[ P]pCp and UpUpG [ P]p. These are the oligonucleotides that would be expected from 3' end-labelling of 5S RNAs made from the DNA sequences in Fig. 2 . The former terminus was present as 3.0% of X218O-1B and 2.0% of A364Aa 5S RNA, and the latter as 7.5% of X218O-1B and 6.5% of A364Aa 5S RNA. Any difference between the quantitation of these termini in the two strains is within the experimental error of such measurements, estimated at ±1-2%. Nevertheless these figures may approximate to the relative numbers of transcripts made from rDNA repeat 5S genes and from the family of variant genes analysed here, most of which possess the pYeE83 sequence (see Discussion).
Further evidence that the sequences we had isolated are functional was obtained from studies of their transcription in vitro. We compared the relative efficiences with which these three 5S genes, and a rDNA repeat 5S gene carried on the plasmid pYlrG12 (5), directed RNA synthesis in a yeast RNA polmerase III transcription system (25) . As shown in The RNA of five 50yl in vitro reactions was fractionated on a 8J denaturing gel, and tritium detected by fluorography (15) . Reaction mixtures 1-5 contained : 1, no DNA template ; 2, pYlrfl 12 ONA 8ug/ml; 3, pYeE147 DNA 7.6yg/ml; 4, pYeF9 DNA 8yg/ml; and 5, pYeE83 DNA 5.8yg/ml. These template concentrations were such that reactions 2-5 each contained the same amount of DNA complementary to 5S RNA. Unlabelled 5S RNA and total tRNA were run in an adjacent slot, and located on the gel by staining of this portion of the gel (15) . That the minor sequences analysed here should be regarded as related is apparent from the considerable portions of flanking sequence that they share ( Figs. 1  and 2) .
Downstream of the 5S gene pYeE83 and pYeE147 are, as far as was determined, identical.
The corresponding region in pYeF9 is markedly different, diverging at the 3' end of the coding region (position +118). All three clones share 144bp immediately upstream of the 5S gene, and for pYeE83 and pYeF9 this homology extends much further upstream.
The disruption of pYeE147 at position -145 occurs with a well-characterised sequence known as delta.
In the S. cerevisiae genome the delta sequence occurs in many copies, and is approximately 33Obp long.
It is found either at both ends of the internal (epsilon) sequences of the 5.9kb Ty transposable elements or alone as so-called solo delta sequences which have not been shown to be traosposable and probably arise by recombination between the terminal deltas of Ty elements (16) (17) (18) (19) (20) (21) (22) (23) (24) .
The sequences of different deltas are not precisely conserved although parts of them display from 55Z to > 99Z homology (22) . The more conserved regions are thought to function as RNA polymerase II promoter and terminator sequences (19) (20) (21) (22) (23) (24) .
The -145 to -296 region of pYeE147 is slightly more than half of a delta sequence, and differs in only 3 nucleotides from the corresponding part of the 5' delta of Tyl-17 (22) .
We did not sequence further into this delta, but noted a close correlation between the restriction maps of the 3.4kb (Xhol+EcoRI) fragment of pYeE147 and the 5' portion of the internal epsilon sequences of Tyl-15-like elements (19) (20) (21) (22) . To confirm that pYeE147 contained a portion of such an element we annealed a probe comprising sequences from the 1.55kb (EcoRI+Sall) fragment of pYeE147 ( Fig. 1 ) to different restriction digests of yeast DNA (Fig. 5 ). This probe annealed to a number of sequences in total yeast DNA, as would be expected fora probe containing Ty sequences. In the Xhol digest (track 5, Fig. 5 ) it annealed strongly to a characteristic 5.6kb band. Xhol cleaves once within each of the delta sequences that flank Ty elements to give most of the Ty-specific sequences in a Xhol digest of yeast DNA on a 5.6kb product (16) (17) (18) (19) (20) (21) (22) (23) (24) .
Sequences from a 9.6kb Hind III fragment insert of plasmid pKT15 that contains Tyl-15 (22) annealed to all the bands on the blot in Fig. 5 that also hybridised to the 1.55kb £coRI+SalI) fragment of pYeE147 (not shown).
Since Ty elements are 5.9kb in length pYeE147 contains only just over half of a Ty element (Fig. 1) . The direction of transcription of Tyl-15 (19) (20) (21) (22) and sequences common to Tyl-15 and the Ty element of pYeE147 indicate that the latter, if expressed, must be transcribed from a promoter within the delta next to the 5S RNA gene (Fig. 1) .
DISCUSSION
The three EcoRI fragments in Fig. 1 The sequences upstream of genes transcribed by RNA polymerases II and III are highly favoured insertion sites for Ty elements.
Ty, or a solo delta sequence probably derived by recombination between the terminal direct delta repeats of a Ty element (17, 18) , are frequently found 80-405 bp upstream of yeast tRNA genes (23) .
Ty elements are also often present in the 5' noncoding regions of protein-coding genes (23, 44) .
The pYeE147 sequence reveals the insertion of a Ty sequence 145 bp upstream of one of the variant genes for 5S rRNA. This is the first time a Ty or delta sequence has been found upstream of a yeast ribosomal gene.
Whether Ty ever inserts into the rDNA repeat is unknown.
If it does so unequal exchange might bring about either its amplification or removal.
The latter process in a tandem repeat need not leave behind the solo-delta sequence that, in single-copy DNA, is thought to indicate the site of a Ty excision event (17, 18) .
